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Section 1. Supplementary figures 
1.1 Magnetic phase diagram of Co8Zn10Mn2 thin plate 
We systematically examined the temperature (T) and external magnetic field (B) 
dependence of different thermal-equilibrium states in a ~200 nm (110) Co8Zn10Mn2 thin plate (fig. 
S2). Helical (fig. S1A), conical (fig. S1C) and SkX (fig. S1B) phases were observed, similar to 
literature1. LTEM images and corresponding fast Fourier transform (FFT) shows that the helical 
phase has stripe morphology with two-fold symmetry, whereas the SkX forms a hexagonal pattern 
with six-fold symmetry. Phase imaging analysis based on the intensity transport equation confirms 
that the skyrmion has a vortex-like swirling texture with a clockwise helicity2. No contrast is 
observed for the conical phase in the Lorentz image due to the q ∥ B ∥ [110] geometry, where q is 
the propagation vector of conical phase1. A phase diagram with a contour plot of skyrmion phase 
fraction based on LTEM observation is shown in fig. S1D, which demonstrates that SkX can be 
formed from the conical state by increasing temperature above 80 ℃ with an external field higher 
than 100 mT. 
 
 Fig. S1 Magnetic structures and phase diagram in ~200 nm (110) Co
8
Zn
10
Mn
2
 thin plate. (A) 
Overfocused LTEM images of the helical phase under zero field at room temperature. Upper inset: 
corresponding reciprocal-space pattern. Lower inset: magnified in-plane magnetization map and 
white arrows inside indicate magnetization direction. (B) Hexagonal SkX lattice phase under 100 
mT at 100℃. (C) The conical phase with a few isolated skyrmions under 100 mT at 82℃. (D) A 
contour plot of skyrmion density in the magnetic field (B) – the temperature (T) plane as deduced 
from LTEM observations. The white region has boundaries among the helical, conical and 
ferromagnetic phases. The color scale indicates skyrmion density per square micrometer. Red dots 
denote the experimental points.  
1.2 Thickness measurement of Co8Zn10Mn2 using electron energy loss spectroscopy (EELS) 
The Co8Zn10Mn2 (110) plate was fabricated using a focused ion beam system. The shape 
and thickness map are displayed in fig. S2.1, showing that the thin plate has a uniform thickness 
of ~200 nm.  
We studied two other samples with a thickness of 140 nm and 240 nm, respectively (fig. 
S2.2). Both samples showed a similar growth mechanism as described in the main text. 
 
Fig. S2.1 (A) Bright field scanning transmission electron microscope image shows a TEM sample 
in the MEMS chip heater. (B) Thickness map obtained by EELS for a (110) Co8Zn10Mn2 plate. The 
color bar shows the thickness scale.  
  
 Fig. S2.2 Sequential LTEM images of skyrmion growth obtained in the samples with a thickness 
of 140 nm (A) and 240 nm (B), respectively. 
 
 
1.3 LTEM image contrast evolution during skyrmion nucleation 
 Similar to the first skyrmion nucleation from skyrmion embryo as shown in Fig. 1C-D, 
contrast evolution was captured for the third and fourth skyrmions. Two skyrmion embryos (labeled 
as c and d) were formed at 5.85 s. Intensity profiles along the red line (fig. S3A) at each frame from 
5.85 s to 6.75 s are shown in fig. S3G. The first mature skyrmion a shows almost constant intensity, 
whereas skyrmion embryo c kept about 60% of the maximum contrast of the mature skyrmion (a) 
for 0.35 s. Then, an instant contrast increase within 0.1 s into a mature skyrmion was observed. The 
normalized peak intensities of skyrmions a and c are shown in fig. S3H. Similar contrast evolution 
was observed in skyrmion embryo d and mature skyrmion b, but the intensity change was slightly 
interfered by diffraction contrast (a vague dark line across skyrmion embryo d). These results 
support that skyrmions grow through an intermediate metastable state, i.e. bobber or toron. 
  
 Fig. S3 Time-resolved LTEM image showing contrast evolution during skyrmion nucleation. (A-F) The 
sequence of LTEM images from movie S1. Time indicates the time progressed after the sample reached 
84℃ under 135 mT. (G) Intensity profiles of skyrmions a and c obtained from sequential images from 5.85 
s to 6.75 s. (H) The plot of the normalized peak intensity of skyrmions a and c versus time. Arrows with 
letters correspond to LTEM images of A-F.  
1.4 Coalescence of skyrmion clusters: Oriented attachment (OA) with reversed sequence 
While two neighboring clusters merge together, the smaller cluster tends to jump into the 
larger cluster as shown in movie S2. Fig. S4 shows misorientation reduction after the attachment. 
 
Fig. S4 Sequence of LTEM images from movie S2, taken at 88℃ under 100 mT. (A) Two clusters 
are ~280 nm apart right before merging. (B) Two clusters were attached in 0.05 s with an initial 
misorientation angle of 21°. (C) SkX rearrangement and misorientation angle was reduced to 6°. 
1.5 Monomer-by-monomer addition (MA) of skyrmion 
 SkX lattice defects are formed at the surface of the clusters during SkX growth. The surface 
kinks with fivefold coordination act as preferred sites for MA skyrmion growth. As shown in fig. 
S5, isolated skyrmions grew at the position of fivefold disclinations to form a stable hexagonal 
lattice, creating another fivefold disclination just beside it at the same time. This MA process was 
repeated during SkX growth (movie S4). 
 
Fig. S5 Monomer-by-monomer addition (MA) mechanism of SkX growth. Sequences of LTEM 
images from movie S4, taken at 88℃ under 100 mT, with schematic illustrations. Black dots in 
schematics indicate skyrmion positions of corresponding LTEM images. (A) Fivefold disclinations 
(pentagon) at the edge of the cluster. (B) Skyrmion attachment (red). Previous fivefold disclinations 
were changed to a hexagonal lattice (hexagon) and another fivefold disclination was formed just 
beside. (C) Continuous skyrmion attachment.  
  
1.6 Self-splitting (SS) of skyrmion 
 SkX lattice defects at the inside of the cluster was annihilated through the internal skyrmion 
growth by SS process. The splitting of skyrmion was succefully captured with 50 ms temporal 
resolution as shown in fig. S6. The initial skyrmion at the center of fig. S6A was elongated as shown 
in fig. S6B with forming two emryos on both sides. Subsequently, two embryos grew and formed 
two separated skyrmions (fig. S6C). The initial skyrmion kept its origianl position while it was 
stretched, and it is connected to two embryos on both sides as shown in the intensity profile (blue 
profile in fig. S6D). It is in good agreement with the three-dimensional structure of the skyrmion 
during SS (inset in fig. S6B), and our simulation results supporting that SS process at the defect is 
favorable in comparison to the nucleation of a separated new skyrmion next to the central skyrmion. 
Fig. S6 The intensity evolution of the skyrmion surrounded by 7 neighbors during SS process. 
(A) The skyrmion with 7 neighbors. (B) The middle stage of splitting of the central skyrmion. (C) 
Two skyrmions formed by SS process. The insets in (B-C) show 3D view of magnetic structure, 
same as Fig. 5E-F, respectively. (D) The intensity profiles obtained from white arrows in (A-C). 
1.7 Structural relaxation of SkX 
After the conical phase was totally replaced by SkX, the splitting of the FFT spots was still 
visible (fig. S7A). Domains with different orientations right after the phase transition were shown 
in the superimposed inversed FFT image (fig. S7B). This orientation difference disappeared with 
lattice oscillation and relaxation (fig. S7C, movie S6). Higher magnetic field and temperature were 
favorable to reduce disorder, similar to the previous report3.  
 
Fig. S7 Structural relaxation of SkX (A) SkX with different domains evidenced by the splitting 
of the Bragg peaks (inset FFT) right after phase transition completed at 90℃ under 100 mT. (B) 
Superimposed inversed FFT image obtained using two inversed FFT images from different spots 
in the inset FFT of (A). Inversed FFT images from the red and green spots are indicated in red and 
green colors, respectively. Misoriented domain with a red color lattice is seen at the bottom right. 
The white arrow indicates the position of the grain boundary. (C) Single oriented SkX after 30 s at 
90℃ under 100 mT, and the inset FFT shows clear six-fold spots without splitting. 
Supporting videos 
Movie S1. Skyrmion and SkX nucleation 
Movie S2. Oriented attachment (OA) during coalescence of SkX  
Movie S3. Bridge formation during coalescence of SkX 
Movie S4. Monomer-by-monomer addition growth of SkX 
Movie S5. Internal self-splitting growth of SkX 
Movie S6. Structural relaxation of SkX 
  
Section 2. Simulation details 
2.1 Micro magnetic simulation 
We use the standard model for magnetic states, for which the energy density functional is: 
        = ex + DM + Zeeman = (	
 ) +  ⋅ ( × ) −  ⋅          (1) 
Here, ex, DM, Zeeman are exchange energy, Dzyaloshinskii-Moriya (DM) coupling energy, and 
Zeeman energy, respectively.  = (,  , )  is the spin vector;   is the saturation 
magnetization;   is the exchange stiffness constant;   is DM coupling constant;   and  are 
permeability of vacuum and applied magnetic field, respectively. To calculate stable states as well 
as transition states, we numerically solve the Landau-Lifshitz-Gilbert (LLG) equation: 

 = − × !eff − " × ( × !eff).             (2) 
Here,  = /, % is the effective time, " is the damping constant, and !eff is the dimensionless 
effective field that defined as 
!eff = eff/ = (&/&)/(). 
Eq. (1) is solved by the Dormand-Prince method, which calculates fifth-order accurate solutions a 
fourth-order error estimate. The external field is applied along the ' direction, i.e.,  = (0,0, )). 
The cone states are given by: 
 = (*1 − cos,, *1 − sin,, ), 
where  = )/)- , )- = /(2)  is the saturation field; , = 2/'/0- + , , '  is the '-
direction coordinate, 0- = 4//|| is the helix period. , is the initial phase of ' = 0 layers. In 
our simulation, we set " = 0.5 and , = 0. Letting  = 0- ∗ )- ∗ /(8/) and  = 0- ∗ )- ∗
/(2/), Eq. (1) becomes dimensionless, if we measure length in unit of 0-, external field in unit 
of )-, and energy density in unit of )-. 
We use a cubic distribution of spin sites with distance between neighboring sites 6 = 0-/16. 
To guarantee that 6 is sufficiently small, we also calculate with 6 = 0-/64. Similar results were 
obtained. Periodic boundary conditions are used in the 8 and 9 directions and a free boundary 
condition is used in the ' direction. The size of the simulation cell is 128 × 128 × :, where : =
0/6 depends on the thickness of the sample. We set : = 30 to match with our experiment. 
 
2.2 String method 
We use a simplified string method4 to investigate the skyrmion-skyrmion interaction and 
the self-splitting mechanism. Similar to elastic band methods, string methods are very useful to find 
minimum energy pathways (MEPs) for barrier-crossing transitions between two stable states, e.g., 
two stable spin configurations in our case. The transition pathway < is discretized into a set of 
images. Each image corresponds to a spin configuration of the system. To find the MEP, we start 
with an initial pathway < and calculate the energy  of each image along <, and evolve < to satisfy 
the following criterion 
()=> = 0, 
which means that the component of  normal to < is zero, i.e., no tangential forces act on curve 
<.  
Starting from an initial curve, we iterate the following two steps to find MEP: (1) The 
evolution of every image with a short constant time step ?@  by LLG solver. (2) Interpolation 
/Reparametrization of images by equal-arc length. The path lengths of the transition steps are 
characterized by 
ℓB(C) = D ℓBE,EFG
E
G
= D H(B,E − B,EFG) + (B,E − EFG) + (B,E − B,EFG)
E
G
. 
Here, mBE = (B,E , B,E , B,E ) is the spin vector of site I of the Cth image. Images C = 0 and C =
: correspond to the initial and final states, respectively, while the intermediate images represent 
the transition states of interest. After mapping the set of images mE  to ℓ{B}(C), we use them to 
interpolate a new set of intermediate images mE  on a uniform mesh by setting the path length 
ℓB(C) = C ∗ ℓB(:)/:. Once the new images are constructed, we renormalize them and repeat the 
step (1) to evolve each image by the LLG solver. We iterate the two steps (time evolution step and 
interpolation step) until convergence, more specifically, the change of energy corresponding to each 
image is sufficiently small between iterations. The number of images to represent the transition 
path, :, is kept the same during the simulation. 
An educated initial transition path is required to start the calculation. If the initial path is too 
far from the real transition path, one may find a local minimum instead of the global minimum. In 
the present work, possible pathways are relatively limited, and we try various initial paths that we 
can imagine. Then, we compare the final energy profiles and identify the one with the lowest energy 
barrier as the most probable path. Moreover, a suitable imaginary path is also useful, as it helps to 
calculate many important features such as skyrmion-skyrmion interaction. In the following section, 
by constructing suitable initial pathways, we calculate skyrmion-skyrmion interaction and analyze 
the self-splitting process discovered in our experiment. 
2.3 Skyrmion-skyrmion interaction 
To calculate the skyrmion-skyrmion interaction, we start with a pair of well-separated 
skyrmions and gradually move them towards each other. During this process, skyrmions first bond 
to each other, then overlap and eventually merge into a single skyrmion. Thus, we construct a spin 
configuration of two well-separated skyrmions and a single-skyrmion state and use them as the 
initial and final states, respectively. The images of the initial transition path are constructed using 
a linear interpolation between the initial and final states: 
image(E) = {S(L) + S(L + C ∙ dL) − cone}. 
Here, image(E)  is the configuration of the Cth image, S(L) is a configuration with a single skyrmion 
located at L, dL = 6OP is a vector position step we used to move the skyrmion with a distance 6 
along the OP direction. cone is the cone configuration before we include skyrmion. ’{}’ denotes the 
normalization of each spin. Starting from this initial path, we perform the loop of string method. 
During each step of the loop, skyrmions are first relaxed by solving LLG equation using a small 
time step. Then the interpolation process of the second step moves skyrmions back to their initial 
separation distance. The loop is continued until the curve of energy versus |Q| = C × 6 converges 
(or no observable change of images for each step). As shown in Fig. S8, the calculated energy 
profile including two parts: The interacting part with Nsk=2, and the merging part with Nsk<2.  
2.4 Self-splitting process. 
We use the string method to investigate the intriguing transition path of skyrmion self-
splitting (SS) at 5-7 lattice defect. We demonstrate that the SS process can be favorable in 
comparison to the nucleation and growth (NG) of a skyrmion at the defect.  
For both SS and NG, the transition path can be classified into three possibilities: A. 
transition starts from the film surface, B. transition starts from the midsection of the skyrmion, and 
C. transition begins from the surface and inside simultaneously. Different initial pathways were 
constructed to simulate these three possible splitting mechanisms. We found that path C has a much 
higher energy barrier than that of B and C for thin foil thicker than Ld, consistent with the previous 
study5,6. Moreover, path A is more energetically favorable than path B. This is because the latter 
process requires generating two high energy transition point, instead of one (i.e., splitting point for 
SS and Bloch point for NG) during growth7. Thus, for both NG and SS, we consider the pathway 
that starts from the surface. 
Now we identify the energetically favorable mechanism of growing a new skyrmion at the 
SkX defect from SS and NG pathway. For comparison, we also investigate the case of growing the 
second skyrmion next to an isolated skyrmion (IS). For both cases, we construct the same initial 
growth pathway by gradually rotating each spin from its first configuration (defect or IS) to the 
target arrangement (two skyrmions), but the rotation is triggered layer by layer with a small delay 
between adjacent layers starting from surface. Then we let the pathways evolve within the string 
method to find the MEPs. Interestingly, similar initial pathways evolve and end up with different 
skyrmion growth mechanisms — a NG-type MEP when a skyrmion grows next to an IS, but SS-
type MEP when it grows at the dislocation site. Corresponding energy profiles are shown in Fig. 
5A. The defect, where the splitting skyrmion is located, is shown in Fig. 5B. Fivefold and sevenfold 
disclination are similar to the experiment (Fig. 3A). To affirm that the growth mechanisms we found 
are indeed the MEPs, we try to start with different initial pathways to explore other possibilities, 
e.g., NG for the dislocation case and SS for the IS case. As shown in fig. S9A, SS for the IS case 
has a higher energy profile than that of NG. The NG for the IS case also contains local minima. It 
is consistent with experimental observation at the early stage of nucleation and growth of SkX in 
Fig. 1 which occurred by MA mechanism through skyrmion embryo. However, for growing new 
skyrmion at a dislocation site, the initial NG process ends up with a SS process, which clearly 
proves SS has a lower energy barrier. Furthermore, as shown in fig. S9, the energy barrier of 
creating a new skyrmion at a SkX defect is only ~25% of the energy barrier for creating one next 
to an isolated skyrmion. This is because the new skyrmion created at defect can bond to six 
neighbors instead of one. The magnetic structures of representative images are shown in fig. S9B-
C. More details are presented in Movie S7-9. 
The competition of NG and SS mechanism is less sensitive to film thickness since the energy 
difference between them is only from the small region close to the splitting, or Bloch point. 
However, it is sensitive to the external field, because SS requires elongation of existing skyrmion 
core, which is easy when the field strength is close to the critical value of phase transition from 
SkX to the helical phase. Finally, it is worth it to note that growing a new skyrmion on the defect 
is not the only way to remove the defect. We found that the dislocation can also gradually migrate 
to and annihilate at the boundary of the skyrmion cluster.  
 Fig. S8. (a) The energy profile and skyrmion number N
sk
 as a function of distance r calculate
d by string method for L
z
=3.8L
D
 and separation in x-direction. Two insolated skyrmions move
 closer and merge into a single skyrmion. (b) The whole calculated curves for Fig. 4A.  
 
  
 Fig. S9. Energy profile and the pathway of creating new skyrmion. (A) Energy profile of NG 
(black line, filled squares), SS (red line, filled circles) for creating a new skyrmion next to an isola
ted skyrmion, and SS (blue line, filled triangles) for splitting a skyrmion in a cluster located at a d
efect, respectively. (B, C) Magnetic structure of images marked by b and c in (A). The color plots 
in (B, C) indicate the z component of the magnetization m
z
; arrows in (B, C) are the direction of m
agnetization; Streamline in (B, C) is a surface with m
z
= −0.2.  
  
Supporting videos 
Movie S7. 3D view of a self-splitting skyrmion at a dislocation. 
Movie S8. 2D view of a self-splitting skyrmion at a dislocation in a particular layer. 
Movie S9. Growing new skyrmion next to an isolated skyrmion. 
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